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1. Summary 
The company Van Oord B.V. was engaged in beach-replenishment on the island of Sylt, Summer 
1984. Their material suffered some damage during heavy storms in June 1984 which also delayed the 
work. Continuing bad weather in July 1984 prevented essential repair work and let to further damage 
and delay. The questions we address here are: could weather conditions of such severity reasonably have 
been foreseen? Were the weather conditions indeed of exceptional severity? We especially wish to 
quantify the answers to these questions. 
We answer the questions by a statistical analysis of data on summer weather conditions in this 
area, confronting the data of 1984 with the data for a series of past years. Data are available from two 
weather stations: from List on the island of Sylt itself, but only for 15 years; and from the more distant 
station Elbe 1, but for a considerably longer series of 48 years (both numbers excluding 1984). The 
analysis is based on an overall or aggregate measurement of "severity of weather conditions" during the 
months June and July respectively. We quantify this concept as the amount of time there was wind at 
(Beaufort scale) force v or more ( v = 4 to 9 incl.) from the sector West and North-West. This 
quantification is partly motivated by data-availability, but mainly in order to focus on the most relevant 
measurement of weather severity with respect to the operation of beach-replenishment. Concentration on 
a few simple measurements also allows a relatively simple statistical analysis. 
We first show that, as one would expect, there is a very strong correlation between the List and 
Elbe 1 series of data. The further analysis is therefore mainly based on the longer Elbe 1 series. We show 
that the June 1984 weather conditions were indeed highly exceptional: weather of this severity has not 
been experienced for the past fifty years. Extrapolation techniques suggest a frequency of such severe 
conditions of less than once in a hundred years. The July 1984 conditions were also severe, and 
comparable to the worst in the last fifty years. 
2. Available data 
In the preliminary report [ l] it is argued that beach-replenishment work on Sylt could not be 
continued at Westerly or North-Westerly wind of force 6 or more. The material being used could be 
expected to withstand a short period of force 8 wind from this sector, but not a longer continued period. 
On the other hand, repair work and routine maintenance cannot be carried out at force 4 wind or more. 
The weather conditions in June 1984 seemed to be of exceptional severity in all these respects. Although 
there were no heavy storms in July 1984 the weather conditions continued to be bad and the need to 
carry out essential repairs continually delayed work. 
On the basis of the above considerations we decided that the severity of weather conditions in a 
certain period can be meaningfully measured as the total length of time in that period during which there 
is wind blowing at force v or more, v = 4,6 or 8, from the relevant sector. We added the values v = 5,7 
and 9 to our analysis for completeness, but do not report on them here. 
The available data [2] gives the distribution of wind strengths and directions over each month as 
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for Elbe 1: 
per Beaufort scale number and per 30° sector (12 sectors), for the years 1966-1980 (15 
years) and 1984, in hours; 
per Beaufort scale number and per 90° sector (4 sectors), for the years 1930-1939 and 
1946-1983 (48 years) and 1984, in parts per thousand. 
According to [1] the relevant sector is 225° to 345° ; this consists of four 30° sectors as registerd at 
List. For Elbe I we took the smaller "Sector West", 225° to 315°. The discrepancy of 30° is annoying. 
However we preferred to work with these differing sectors for the two series rather than constructing a 
225° to 345° measurement for Elbe 1 bY' some interpolation technique, or taking the smaller "Sector 
West" for both series. 
The List series was converted from "hours" to "parts per thousand" (p.p.th.). The data actually 
analysed is therefore, per month, and for the available years, the total amount of time (in p.p.th.) there 
was force v or more wind, for v = 4, 5, 6, 7, 8 and 9, from the sector 225° - 315° (Elbe 1) or 225° -
345° (List) (See "basic data set"). We concentrate below on v = 4, 6 and 8. 
3. Statistical analysis 
The first analysis consisted of a number of graphical and numerical summaries of the data. We 
present below, for the months June and July, and for v = 4, 6, 8: 
histograms of the series of observations (figures 1 to 12); 
scattergrams of Elbe 1 vs. List data based on the overlapping 15 years, plus 1984 (figures 13 to 18). 
Also we give means and standard deviations (excluding 1984), the 1984 observations, and (Pearson) 
correlation between the corresponding Elbe 1 and List observations (excluding 1984). (Table I) 
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ELBE 1, JUNE (n = 48) 



























































From these r~ults we draw the following conclusions: 
1) the correlation between corresponding Elbe 1 and List measurements is very high; 
2) the June 1984 measurements are strikingly larger than any observation in the corresponding June 
series; 
3) the July 1984 measurements are about as large as the largest observations in the corresponding July 
series. 
The only exception to this is the July ;;;;, 8 measurement (and also the low July ;;;;, 8 correlation). 
In order to quantify the exteremeness of the June measurement we have to resort to extrapolation. 
A priori there is no s~al reason why the amoUI1t of time in the month there is ;;;;, force v wind from a 
certain sector should be distributed over the years according to any special probability distribution (e.g. 
normal, exponential, log-normal, ... ). We have therefore for simplicity and for an exploratory 
investigation chosen two simple and familiar distributions (normal and exponential) and constructed 
"probability plots" (see e.g. [3]) of the empirical distribution over the years of our measurement versus 
these theoretical distributions. From the plots one can read off, for each value of t p.p.th. on the 
horizontal scale, the relative frequency of observations less than or equal to t on the vertical scale. This is 
an estimate of the probability that a future measurement is less than or equal tot . More importantly, 
one can use the plots to check the assumption of an exponential or a normal distribution respectively: if 
the plot approximates a straight line (in the exponential case, passing through the origin), then the 
observations do appear to come from the corresponding distribution. A clear departure from a straight 
line is strong evidence against this assumption. Of course, the smaller the number of observations, the 
more sample variability obscures the picture. 
A complicating factor in the present application is that at larger values of v , in an increasing 
number of years our measurement takes exactly the value zero. So we have made probability plots of the 
non-zero measurements only (a decreasing number of observations as v increases). The statistical model 
we are investigating is therefore: with a certain probability the measurement of wind occurrence is non-
zero; conditional on being non-zero it is normally or exponentially distributed. 
We present below the normal and exponential plots for v ;;;;, 4, v ;;;;, 6 and v ;;;;, 8, the months June 
and July, but for the Elbe 1 data only (figures 19 to 30). The plots for the intermediate wind strengths, 
and for the List data, fit into the pattern we describe in a moment (except that due to smaller sample 
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The plots show very clearly the following behaviour. For v ;;;;. 4 the non-zero measurements (all 
measurements in fact) seem close to normally distributed. As the threshhold wind velocity increases they 
depart more and more from a normal distribution and become more closely exponentially distributed. At 
v ;;;;. 6 we have most clearly an exponential distribution. At v ;;;;. 8 the number of non-zero observations 
has become too small to discriminate clearly between the two distributions. However because of the 
earlier systematic shift from normal to exponential with increasing wind velocity, the exponential 
distribution seems better supported here. 
We therefore chose the following parametric statistical analysis in order to estimate the probability 
that the 1984 Elbe I measurement will be equalled or exceeded in any future year. This estimate is based 
on the available data up to but not including 1984. It is also based on the unverifiable assumption that 
the frequency of very large measurements continues to follow the normal or exponential distribution. 
Such an assumption (common in civil engineering) is unavoidable if we are to draw any conclusions at 
all. The resulting figures should be used to draw qualitative rather than quantitative conclusions. The v 
;;;;. 4 estimate is based on the assumption that this observation is drawn each year independently from a 
fixed normal distribution (whose mean p. and variance a1- we estimate by the sample mean and variance). 
The v ;;;;. 6 and v ;;;;. 8 estimates are based on the assumption that the corresponding observations are 
non-zero with a certain probability p (which we estimate with the sample fraction of non-zero 
observations); conditional on being non-zero they are exponentially distributed (with a mean I\ - I which 
we estimate by the sample mean of non-zero observations). The parameters p and I\ are of course 
different in the v ;;;;. 6 and v ;;;;. 8 cases. The results are presented in Table 2 below. In addition to this 
"best estimate" of the probability of exceedance of the 1984 observations, we also present a 95% 
confidence upper limit to the probability. This is relevant because fifty random values do not precisely 
determine the probability distribution from which they are drawn. Again assuming a normal or 
exponential distribution as appropriate, we are 95% certain that the unknown probability we want to 
estimate is smaller than this upper limit. The methods used (a combination of some standard techniques) 
are described in the mathematical appendix. The two models are illustrated by figures 31 and 32. The 
extra statistics needed for these computations are given in Table 3. 
Estimated probability of 
exceedance of 1984 observation 
95% confidence upper limit to 
probability of exceedance of 
1984 observation 
Estimated probability of 
exceedance of 1984 observation 
95% confidence upper limit to 
probability of exceedance of 
1984 observation 
* 
Estimated probability of 
exceedance of 1984 observation 
95% confidence upper limit to 
probability of exceedance of 
1984 observation 
ELBE 1, JUNE, ~ 4 
(normal model) 
-5 
• 5 x 10 
-3 
• 15 x 10 








(The 1984 July ~ 8 observation was zero.) 
Table 2: Estimated probabilities of exceedance of 1984 








ELBE 1, JULY, ~ 8 
(exponential model) 
1-p 
0 Measurement 1984 
The distribution of amount of time v ~ 4 Bf (normal model) 
,.,.., 
FIGURE 31 
0 ll -1 Measurement 1984 
The distribution of amount of time _.x. ~ 6 Bf or~ ~ 8 Bf 
(exponential model) 
FIGURE 32 
ELBE 1 JUNE (n = 48) 
~ 4 ~ 6 ~8 
No. of +ve observations 48 40 10 
Mean of +ve observations 188.96 45.95 10.60 
No. of observations exceeding 
1984 observations 0 0 0 
ELBE 1 JULY (n = 48) 
~4 ~ 6 ~8 
No. of +ve observations 48 45 17 
Mean of +v.e observations 257.00 71. 78 12.294 
No. of observations exceeding 
1984 observations 0 1 17 
Table 3: Extra statistics for exponential model 

5 
The estimates of the probability of an observation as extreme as that of 1984 confirm the general 
impression from the histograms that the weather conditions of June 1984 were exceptionally severe in all 
respects. Even though there was no force 8 or more wind in July 1984, the amount of wind at force 4 or 
more (and to a lesser extent, force 6 or more) was also exceptionally large. These conclusions are not 
altered when we take account of the fact that the estimates are subject to random variation, being based 
on a sample of less than fifty years: the 95% confidence upper limits to the probability of an observation 
as extreme as that of 1984 tell the same story. For June, the estimated probability of an observation as 
large of that of June 1984 is .5X 10-5 for the amount of time the wind velocity v is force 4 or more; 
.1X10-2 for v ;;;;;.6; and .6X 10-2 for v ;;;;;.8. The 95% confidence upper limits are .2X 10-3, .7X 10-2 and 
.4X 10- 1 respectively. In July 1984, there was no force 8 or more wind (as is common). However the 
estimated probabilities for v ;;;;;.4 and v ;;;;;.6 are .2X 10-2 and .6X 10- 1 respectively with 95% confidence 
upper limits .9X 10-2 and .I. 
6 
4. Conclusions , 
We have shown that the June 1984 weather conditions were indeed highly exceptional: weather of 
this severity has not been experienced for the past fifty years. Extrapolation techniques suggest a 
frequency of such severe conditions of less than once ma hundred years. The July 1984 conditions were 
also severe, and comparable to the worst in the last fifty years. 
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·Appendix: Mathematical background 
1. Normal model 
2. Exponential model 
1. Normal model 
Let X and S be the sample mean and standard deviation based on a sample of size n from the N (p.,a2) 
distribution. The probability of exceedance of a specified level x* by a future observation from this 
distribution is 'Y = J .,-4>{(x* -µ.) / o) where• is the standard cumulative normal distribution. One can 
estimate 'Y by 
1 = l-W [ x• ;XJ 
We construct an approximate 100 X (1 - a)% confi~nce upper limit for 'Y as follows. First 
<Enstruct a confidence lower limit for (x* - µ.) / o . Now X and S are stochastically independent, 
X,...,, N(p.,a2 /n) and for large n, S ...:... N(o, a2 /2n). Here",...,," means "is distributed as" and"...:..," 
means "is approximately distributed as". This result follows from using the 8-method ([4], p. 385,386) 
and the fact that (n -l)S2 / a2,...,, x;_ 1 ...:... N(n -1, 2(n -1)). Using the 8-method again we find 
x* - X ...:.., N [ x* -µ .i..L..E_ + _l ( * _ )2 .!i._ l 
S o ' a2 o4 x µ. · 2n 
=N[7· ! [1 u[x';r rJ. 
An approximate 100 X (1 - a)% confidence lower limit for (x* - µ.) / o is therefore 
x•; x - ··{ ! [1 + ~ [ x•; xn r 
where Ua is the upper 1-a fractile of the standard normal distribution; i.e. •(ua) = 1-a, in particular 
u.05 = 1.645. The approximation becomes more accurate as n becomes larger. A 100 X (l-a)% 
confidence upper limit for 'Y = I - •-1((x* -µ.) / o) is therefore 
2. Exponential model 
Suppose X i. · · · ,Xn are independent and identically distributed with 
Pr(X; > 0) = 1 - Pr(X; = 0) = p 
and 
Pr(X; > t I X; > 0) = e ->.i. 
Thus the X; 's are positive with probability p ; and conditional on being positive they are exponentially 
distributed with parameter A (and mean A - I ). We wish to estimate 
'Y = Pr(X; > x*) = pe->.x• 
for a given value x* . 
Let R be the number of positive observations, let ft = R In and let x+ be their mean 
2 
(X+ = ~i:Xt>oXi./ R). ThenR "'_Bin(n,p)soft ;..,N(p,p(l-p)/n). 
Conditional on R = r , rx+,..., Gamma(r,A.);.., N(r /A., r /A.2) if r is large. So 4+ ;.., N(A.-1,r- 1A.-2);.., N(A.- 1,(pn )- 1A.- 2) if n is large so that r / n ~ p . Thus for large n , ft and 
x+ are approximately independent and normally distributed. 
A natural estimator of y is 
y = fte-x* I _x+. 
We compute an approximate 100 X (1- a)% confidence upper limit for y via a confidence upper limit for 
log y = log p - x* / .X+. 
We have by the 8-method again that 
logfJ - x* / .X+ ;.., N(logp - A.x*, 
1 p(l -p) + x* 2 (pn )-IA_-2) 
p2 n A_-4 
= N(logp - A.x*, - 1 (1-p + (A.x* )2)). 
pn 
This approximation is good if n is large and p is not too close to zero or one. 
An approximate 100 X (l-a)% confidence upper limit for log y is therefore 
Iogft - ;: + •·{ ! (1-p + (x' IX+)') r 
and for y is 
pe-•• 1 JC ex+·{! (I -ft + (x' I X+)'f] · 
YEAR WINDFORCE 
>•4· >•::> >•b >•7 >•a >•9 BASIC DATA SET 
1930 34 7 0 0 0 0 ELBE 1 - ~ 
1931 185 96 41 14 7 0 
19 32. 71 23 3 0 0 0 
1933 107 30 0 0 0 0 
1934 133 92 65 21 14 14 
l.9 35 15!) 55 3 3 0 0 
19 3b 51 3 0 0 0 0 
1937 141 85 j£ 22. 15 0 
· 1938 315 209 15 8 02 17 7 
J.939 21 4 2 0 0 0 
.1.946 2.lll 82. 40 20 20 6 
l.947 lU3 3b u 0 0 Cl 
1948 127 5b J. 0 0 0 0 
l.949 .&.J.2 o2 29 0 0 0 
1950 138 67 38 21 13 0 
1951 7l £5 0 0 0 0 
1952 223 85 2.b .L3 0 0 
J.953 5(; 8 0 0 0 c 
1954 171 71 33 4 0 0 
1955 84 21 u 0 0 0 
1956 2.B 116 8 0 0 c 
J.957 233 108 33 8 0 0 
1958 116 33 4 v 0 0 
1959 t'.bj 159 63 4 0 0 
1960 198 92 38 2.:, 0 0 
1961 329 J.91 58 8 0 0 
1962 355 i::63 138 75 4 () 
!9b3 ~09 !38 46 2. 5 8 0 
1964 330 167 50 0 0 0 
,. 
.i.965 (;34 Hl8 92 "9 0 0 
1966 171 104 5(1 !2. 4 0 
.1.907 304 171 l. 9 4 0 c 
l9b6 196 117 4 2. 13 0 0 
1969 196 75 IJ 0 0 0 
i 
1970 100 50 25 8 0 0 
ccoNTimJEDI ELBE 1 JUNE 
1971 209 lJ.3 ll 4 0 0 
1972 201 105 55 13 v 0 
J.973 192 .l.17 l7 4 0 0 
1974 309 . 192 l9 u 0 0 
1975 162 87 .B 4 0 0 
1976 286 138 25 8 0 0 
1977 254 154 25 4 0 0 
J.978 321 246 150 37 4 0 
1979 l.50 67 13 0 v 0 
1980 257 190 b5 8 0 0 
J..981 286 217 75 25 0 0 
.l.982 15v J.00 67 0 0 () 
J.983 295 lb7 87 4 0 0 
1984 576 455 297 109 38 13 
YEAR WINDFORCE ELBE 1 - JULY 
)•4 >•!'> >•b >•7 >•8 >•9 
. 
J.'130 204 lll ,2 10 (! 0 
1931 .c:!bb 172 97 45 2l 6 
1932 130 52 23 u 0 0 
1933 187 71 2t> 0 0 0 
1934 £39. 142 l:i't ~6 10 0 
.i.93!:1 t: s:. lb9 146 93 43 t:'3 
1'136 15b d2 26 0 0 0 
1937 ;;.4 7 .l.65 lJ5 4 0 0 
.l..9 38 1; 14 v u 0 (l 
J.1139 lb9 9& 51 23 ?.. 0 
.l.946 194 H18 54 32 16 0 
J. 94 7 65 36 u 0 0 0 
1948 187 88 3~ 2 (J (I 
1949 1~7 113 28 0 0 () 
1950 161 96 36 24 lb 4 
1951 75 40 0 0 0 0 
1952 19;.; 76 2 't 0 0 0 
.l.953 :ii83 t: 't 2 81 v 0 0 
.1.95-4 35!:1 109 2. (.; 0 0 0 
.l.95!:1 3b 20 16 (J 0 0 
1956 "(){J 172 112 !16 26 0 
1957 171:i 97 .l t; 0 0 0 
1958 3n 234 129 64 24 c 
.1.959 .l. 77 141 60 v 0 0 
1960 ~79 .l78 101 8 0 0 
.1.961 451 338 105 '+4 0 ll 
1962 347 230 t.j7 4o 8 0 
l9b.3 20b 97 .1.6 4 0 0 
1964 4Ci7 ;i;90 .i.53 36 8 0 
i1· 
J.9 6!:> 4~3 ;; !HJ ~~.I. 60 4 0 
l9b6 37!1 .::5b J. 4 5 24 4 0 
l9o7 lo9 48 lo 0 0 (\ 
J.96d .i.b4 91 3t: 16 4 0 
Hb9 30.j 1£.9 "4 8 4 (l 
.L970 't7b 3H li::l 12 4 0 ELBE 1 JULY (CONTINUED) 
1971 l4U 'lb 84 48 4 0 
19 72. 182 89 16 12 0 0 
.L.973 .:ic.b 197 b4 .1.2 8 0 
J.974 ~ btl . 4tYl lts5 20 0 0 
l97' 274 165 72 12 u 0 
1976 129 !:iCJ 2. u 0 {) 0 
J. 9 j 7 371 t:46 97 28 0 (' 
. .l.978 4bi,; .i:9l 8(j 0 0 0 
J.979 ~50 3o4 113 4 0 0 
J.9 80 t: 5 b 1'3 76 24 u 0 
19 t!.L ~~3 187 4t !:i u 0 0 
1Yb2 161 96 4b 12 0 0 
14783 l&b b9 J. t. 0 0 (l 
1484 632 455 2ul 40 u c 
YEAR WIND FORCE LIST - JUNE 
>•4 >=~ >•6 >•7 >•{,) >=9 
1'166 i.97 191 d3 29 2 0 
l 9o7 491 3 .:if; 9b 0 0 c 
.i.96b 2 7't 1b9 7B !) () 0 
190'1 Z9l 179 .L.~ u 0 0 
J.9 70 t:.97 lb8 80 4i.J 0 0 
.1.9 7 i. ~7.L i. '14 ;j' 3 :J (; 
l 9 7 t. ~()(J 118 14 v 0 0 
l'iB 38!:; 2vi.J blJ 0 0 {i 
1974 437 l'Ji;i 3!.I 0 0 0 
1'17!; ~;; lb3 47 l () (l 
l".176 484 t:.3b 4 c: 17 0 0 
1477 409 C:.~3 '.lb & 0 0 
1978 35c c:. :,9 15".I 44 0 c 
.;.979 3 717 194 !) l; 6 u ( 
l9b0 414 C:42 64 0 0 0 
1984 !;19b 4u9 dH bt'. 32 6 
YEAR WINDFORCE LIST - JULY 
>•4 >. !1 )at >•7 >•8 >•9 
.l.906 4 'i'-i 276 .1.1.11 't 0 0 
191:>7 "0:.. 114 47 l !> 0 0 
J.1168 404 ·e:_49 9l 34:: 3 () 
.l.'169 46!:1 .::52 4!; 6 3 (' 
J.'170 !; 9 l/ jb3 9t l (J (I 
J.971 ~7<.:J 248 14 <1 36 J 0 
J.'172. 3ub J. 3 '1 a v 0 0 
1973 40b t. {; 2 40 3 (J 0 
.l.974 Hv !) tl l7i 9 0 0 
J.9 75 3t>J. l b4 ob ::l (.) v 
J.9 76 37b .L 92 76 33 l 0 
J.9 77 ~14 ~37 94 16 0 0 
J. 9 7b 4!';7 t:.77 10.1. 1 0 (; 
1979 70b 464 171 lb 0 0 
J.960 ib3 .1.45 02 a 0 0 
1984 t4£: 430 ld4 17 0 0 
